Inflammation after myocardial infarction (MI) may be a major factor influencing ventricular remodeling, leading to congestive heart failure and arrhythmia. Therefore, inflammation in the heart needs to be monitored. Tenascin-C (TNC) is an extracellular matrix molecule not normally expressed, but it is strongly upregulated when associated with active inflammation. Based on this characteristic, we successfully imaged in vivo inflammatory lesions in rat models using 111 Indium ( 111 In)-labeled anti-TNC antibodies. The aim of the present study was to further assess the applicability of this molecular imaging probe to detect inflammatory activity in primate hearts.
I
nflammation after myocardial infarction (MI) is a major factor influencing myocardial tissue remodeling. 1) Necrosis of myocytes elicits acute inflammation to remove damaged tissue; this is followed by a reparative phase with the resolution of inflammation and fibrosis. Therefore, a dysregulated inflammatory response may induce ventricular remodeling, leading to the progression of congestive heart failure and arrhythmia. [2] [3] [4] [5] [6] During myocardial remodeling, numerous extracellular matrix (ECM) molecules are successively deposited and degraded. Tenascin-C (TNC) is a unique ECM protein categorized as a matricellular protein that is strongly expressed when the tissue structure is remodeled and modulates cell function, but it does not directly contribute to the formation of structural elements. 7, 8) A feature of TNC is its tightly regulated expression (reviewed in Midwood, et al. 9) ). In the heart, TNC is expressed at important developmental steps in embryos; it is sparsely detected in normal adults, but it is strongly upregulated in pathological hearts closely associated with tissue injury and inflammation. 10) Based on this, TNC may be used in making a clinical diagnosis. An increasing number of studies have reported the usefulness of serum TNC as a biomarker of cardiovascular disease, for example, for assessing the progression of ventricular remodeling and predicting the prognosis of patients with acute AGEYAMA, ET AL MI. 11, 12) Furthermore, the specific localization of TNC at restricted sites associated with active inflammation makes TNC a hallmark of inflammation and a molecular target for inflammation imaging. 10, 13, 14) We have previously reported that 111 Indium ( 111 In)-labeled or 111 Iodine-labeled anti-TNC Fab' accumulates at inflammatory lesions in case of autoimmune myocarditis, 15) acute MI, 16) and ischemia/reperfusion 17, 18) in rat models. The aim of the present study was to further assess the applicability of this molecular imaging probe to detect inflammatory activity in primate hearts at a preclinical stage.
A myocardial inflammation model of cynomolgus monkeys (Macaca fascicularis) was generated by coronary artery ligation. Animals of the genus Macaca are primates with more physiological and anatomical similarities to humans than other common laboratory animals such as mice or rats. Consequently, these non-human primates are useful as experimental animal models. 19) Active inflammatory sites in an acute MI model of the monkey heart have been successfully imaged by single-photon emission computed tomography (SPECT) with 111 In-labeled anti-TNC Fab'.
Methods
Animals: Three monkeys born in the Tsukuba Primate Research Center for Medical Science at the National Institute of Biomedical Innovation, Health and Nutrition (NIBIOHN, Ibaraki, Japan) were enrolled. All monkeys were six to ten years old and weighed 5.3 to 6.1 kg. They were individually housed in stainless steel cages under temperature conditions between 23 and 27 , humidity between 50% and 70%, and 12 air changes/hour with a 12-hour/12-hour light/dark cycle and were fed 70 g of commercial monkey chow (Type AS, Oriental Yeast, Chiba, Japan) and 200 g of fruit daily. This study was strictly subjected to the Rules for Animal Care and Management of the Tsukuba Primate Center, 20) the Guiding Principles for Animal Experiments Using Non-human Primates formulated by the Primate Society of Japan, and the Institute for Laboratory Animal Research (ILAR) Guide for Care and Use of Laboratory Animals. 21) Experimental protocols were approved by the Animal Welfare and Animal Care Committee of NIBIOHN. MI model: Surgery was performed under isofluraneinduced general anesthesia and mechanical ventilation with room air and oxygen. After left thoracotomy and exposure of the heart, the left coronary artery was permanently ligated with 5-0 prolene sutures under electrocardiogram (ECG) monitoring. Echocardiographic imaging was performed using Prosound Alpha 7 (Aloka, Tokyo, Japan) before and after thoracotomy. The successful formation of MI was recognized when ST was elevated on ECG after ligation of the left coronary artery. Monkeys were serially monitored by echocardiography to measure percent fractional shortening (% FS) and changes in serum troponin T levels before surgery and 3 days later. Monkeys received butorphanol tartrate (0.5 mg/kg, intravenously) daily for 4 days to alleviate pain associated with surgery and MI.
22)

Antibody and radiolabeling with 111
In: The Fab' fragment of a mouse monoclonal antibody against TNC clone 4F10TT (IBL, Takasaki, Japan) 14) was radiolabeled with 111
In as previously described. 23) After purification using a centrifuged column procedure, 111 In-DTPA-Fab' was obtained with a radiochemical purity of higher than 90%, which was assessed by cellulose acetate electrophoresis. isonitrile (MIBI) was performed on monkeys using PRISM2000XP (SHIMADZU, Kyoto, Japan) with MEGAP-Par Collimators for MI monkeys and Symbia-E (SIEMENS, Germany) for control monkeys. After anesthesia with mechanical ventilation, 111 In-TNC-Fab' (3.7 MBq) was intravenously injected, followed by In and 20% windows. The matrix was 256 × 256 for data acquisition. The uptake of 111 In-TNC-Fab' was defined as inflammation in the infarct heart and skin. A myocardial perfusion defect of 99m Tc-MIBI was defined as the MI area. Dual-tracer autoradiography: After SPECT imaging, hearts were excised and embedded in Tissue-Tek optimum cutting temperature compound (Sakura Finetek Japan, Tokyo, Japan). Heart short-axis slices with a thickness of 20 μm were exposed to the imaging plate (Type SR, FUJI-FILM) of an image analyzer (BAS-1800 system, FUJI-FILM) for autoradiography. The first autoradiographic exposure was performed to image the distribution of 99m Tc-MIBI for 18-20 minutes in order to visualize the viable myocardium 5-7 hours after sacrifice. Three days later, a second exposure was performed for 30 to 40 hours for MI slices and 16 hours for normal slices to image the distribution of 111 In-TNC-Fab'. Histopathology and immunostaining: For histopathology, the heart was fixed in 4% paraformaldehyde and embedded in paraffin. Three-micrometer-thick serial sections were stained with hematoxylin and eosin or immunostained for TNC using the antibody 4F10TT, as previously described.
14) Diaminobenzidine/H2O2 solution was used to demonstrate antibody binding. In the comparison of autoradiography and immunostaining, 5-μm-thick slices adjacent to those for autoradiography were mounted on slides and treated with 4% paraformaldehyde for 10 minutes. After blocking with 10% normal goat serum, sections were stained with the FITC-labeled Fab' fragment of the antibody 4F10TT.
AGEYAMA, ET AL 
Time schedule for experiments:
The time schedule for the experimental protocol is summarized in Figure 1 .
111 In-DTPA-Fab' was injected after 96 hours of ligation of the left coronary artery, and 99m Tc-MIBI was injected 30 minutes before SPECT image acquisition. SPECT image acquisition 1 was shown in a large MI model. After image acquisition, monkeys were euthanized and hearts were extirpated for dual-tracer autoradiography, histopathology, and immunohistochemical analysis.
Results
Echocardiography and serum levels of troponin T after coronary artery ligation: Echocardiography demonstrated that % FS was reduced to 20.3% from 34.1% before ligation in the large MI model and from 38.6% to 15.6% in the small MI model. Serum troponin T levels 3 days after surgery were 0.38 pg/mL in the small MI model and 2.68 pg/mL in the large MI model. In-TNC-Fab' was also detected in the right ventricle (RV) (Figure 4E, F) . Autoradiographic analysis of the heart: Dual-isotope autoradiograms of a normal monkey showed the homogenous uptake of 99m Tc-MIBI in the whole heart and no pathological uptake of 111 In-TNC-Fab' (Figure 2D-F) . In hearts with small MI, a defect in the uptake of (Figure 5I ), which was considered to be pericarditis associated with myocardial infarction.
Discussion
In the present study, we detected regional uptake of 111 In-anti-TNC Fab' in MI areas in cynomolgus monkey hearts using dual-isotope SPECT, which was complementary to perfusion images by 99m Tc-MIBI in the LV. In autoradiograms, radioactivities were stronger in the border zone between the infarcted and non-infarcted areas as well as in the epicardial areas of the RV. Immunostaining confirmed that TNC deposition was localized in the area with the infiltration of inflammatory cells at the border zone and epicardial area of the RV, which corresponded to stronger radioactivity on autoradiograms. SPECT imaging demonstrated the suitability of this radiopharmaceutical for the in vivo imaging of non-human primates and rodent models.
Myocardial injury and tissue remodeling after MI depend on a complex series of cellular responses. The re-AGEYAMA, ET AL lease of structural components from necrotic cells and degraded ECM activates innate immune responses as "danger signals" (danger-associated molecular patterns: DAMPs), and this is followed by the infiltration of various inflammatory cells, production of a number of cytokines and growth factors, subsequent resolution of inflammation, and re-organization of ECM. These are finely coordinated cellular events for restoring the myocardium; however, the dysregulation of these processes may induce the progressive destruction of the myocardium, resulting in cardiac dysfunction. The significance of inflammation in adverse ventricular remodeling has recently been attracting increasing attention. [1] [2] [3] [4] [5] [6] 24) Nuclear imaging techniques have been employed to detect inflammatory lesions in the cardiovascular system. Positron emission tomography (PET) with 18 F-FDG is often used for making a clinical diagnosis, assessing disease activity, monitoring therapeutic responses, and assessing prognoses in patients with atherosclerosis of the large aorta, aortic aneurysms, Takayasu's disease (aortitis syndrome), and cardiac sarcoidosis. 25, 26) As we have previously reported, 11 C-methionine PET may be useful for detecting monitoring inflammation following acute MI in humans. 27) Animal experiments using rats suggested that the accumulation of radiolabeled methionine reflects the infiltration of macrophages 17) and may co-localize with 18 F-FDG uptake in histologically proven inflammatory lesions. 28) Although the availability of PET has been well established, SPECT is more easily used to detect myocardial ischemia and pathology. SPECT/CT using Ga-67 citrate has been employed to detect sites of inflammation in patients with fever of unknown origin and sarcoidosis. 29) However, its utility is very limited due to its low sensitivity and resolution as well as higher exposure to radiation. Therefore, the development of a molecular imaging probe to assess inflammation is desired.
Matricellular proteins are promising targets for inflammation imaging in the heart. 30) They are a growing group of ECM proteins including osteopontin, galectin, and periostin, which are strongly expressed during active tissue remodeling. 7, 8) TNC is a typical member of matricellular proteins.
9) It is strongly upregulated during in-INFLAMMATION IMAGING USING ANTI-TENASCIN-C ANTIBODY jury, inflammation, repair/regeneration, and cancer invasion in various tissues. TNC has been extensively examined in the field of cancer biology. Several non-invasive approaches to image and quantify tumor TNC expression have been attempted. [31] [32] [33] We developed a radiopharmaceutical as a SPECT agent for the heart using an anti-TNC monoclonal antibody and demonstrated that 111 In-labeled anti-TNC Fab' localizes to the site of inflammation in autoimmune myocarditis 15) and acute MI 16) rat models. The present study confirmed the detection of active inflammation in infarcted regions of the hearts of monkeys by ex vivo and in vivo imaging methods using 111 In-anti-TNC-Fab'. These results suggest the feasibility of the non-invasive detection of cardiac inflammation following acute MI in preclinical studies prior to testing in humans.
In pathological hearts, TNC is deposited in the vicinity of macrophages and activates them via toll-like receptor 4 as a DAMP 34) or integrin αvβ3/FAK/Src/NFκB.
35)
Furthermore, TNC has diverse functions in myocardial tissue remodeling and may accelerate adverse ventricular remodeling after MI. 36) TNC visualization in the myocardium may be employed to monitor not only inflammation but also subsequent ventricular remodeling.
The present study was limited by the relatively poor SPECT imaging of the heart because the cardiac size of the monkey is too small to achieve high-resolution imaging in humans. Furthermore, the administration of whole mouse antibodies to humans may pose a potential risk of the production of human anti-mouse antibodies being induced, which may cause adverse effects. 37) We expect the single chain Fv fragment reported in our previous study to be less immunogenic in humans than the corresponding immunoglobulins or Fab' fragments.
38)
Conclusion
The present results demonstrate the potential to localize the infarcted region in the heart by in vivo imaging methods using 111 In-TNC-Fab' in primates and suggest the feasibility of the non-invasive detection of cardiac inflammation following acute MI as a SPECT agent in humans.
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